
r December 31, 1963 

- 
February 18, 1962 6 December 3 I, 1963 

7 -  7 .  -- Final Summary Report, I -* e 

t : INVESTIGATION OF THE SPACE STORABILITY wyJ&L 1 9 4 3  OF PRESSURIZING GASES F ) ;  a /  

Prepared for: 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WESTERN OPERATIONS OFFICE 
SANTA MONICA, CALIFORNIA ( NASA CONTRACT 



ABSTRACT 

L a b o r a t o r y  e x p e r i m e n t s  i n d i c a t e  t h a t  a column o f  l i t h i u m  b o r o h y d r i d e  

powder w i l l  g e n e r a t e  hydrogen  on demand by r e a c t i o n  w i t h  c o n t r o l l e d  ad-  

d i t i o n s  o f  w a t e r  t o  an  a s b e s t o s  wick when c o b a l t o u s  c h l o r i d e  i s  u s e d  a s  

a c a t a l y s t  and a s b e s t o s  p u l p  i s  i n t e r s p e r s e d  t h r o u g h o u t  t o  p r e v e n t  forma-  

t i o n  o f  impermeable ,  g l a s s y  c o a t i n g s  o f  l i t h i u m  m e t a b o r a t e .  

A compar i son  i s  made o f  computed s t o r a g e  e f f i c i e n c i e s  for p r e s s u r i z e d  

hydrogen  and n i t r o g e n  i n  a sys t em d e s i g n e d  t o  g e n e r a t e  hydrogen  a t  a b o u t  

1 . 5  atm from l i t h i u m  b o r o h y d r i d e  w i t h  w a t e r  added  i n  a c o n t r o l l e d  f a s h i o n  

by f l o w  t h r o u g h  a p o r o u s  p l u g .  

hydrogen  g a s  g e n e r a t i n g  sys t em,  b a s e d  on i t s  u s e  i n  an a t t i t u d e - c o n t r o l  

s y s t e m ,  a p p r o a c h e s  2 7 . 7  l b - s e c  o f  impu l se  p e r  pound of  sys t em w e i g h t  f o r  

a m i s s i o n  r e q u i r i n g  a t o t a l  impu l se  of  1 0 , 0 0 0  l b - s e c ;  hydrogen  g a s  and  
n i t r o g e n  g a s  s t o r e d  a t  1500 p s i a  have  v a l u e s  o f  1 6 . 6  and 3 3 . 9  l b - s e c  

p e r  l b ,  r e s p e c t i v e l y .  Thermal  decompos i t ion  o f  l i t h i u m  b o r o h y d r i d e  or 

The maximum s t o r a g e  e f f i c i e n c y  o f  such  a 

o t h e r  m a t e r i a l s  p r e s e n t s n o  a d v a n t a g e .  

- R .  F. Muraca 
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FINAL SUMMARY REPORT 

SRI P r o j e c t  PSU-4000 

The I n t e r i m  Repor t  e n t i t l e d  “ I n v e s t i g a t i o n  o f  t h e  Space  S t o r a b i l i t y  

o f  P r e s s u r i z i n g  Gases , ”  NASA C o n t r a c t  NAS7-105, d a t e d  August  1963  de -  

s c r i b e s  t h e  ma jo r  p o r t i o n  o f  work per formed on t h i s  c o n t r a c t  o v e r  t h e  

p e r i o d  F e b r u a r y  1 9 ,  1962 t o  Februa ry  18 ,  1963.  

A s  a p a r t  o f  t h i s  c o n t r a c t ,  a handbook was t o  b e  i s s u e d  which would 
i n c l u d e  i n f o r m a t i o n  v a l u a b l e  t o  e n g i n e e r s  d e s i g n i n g  p r e s s u r i z e d - g a s  

s y s t e m s .  A rough d r a f t  o f  t h e  handbook was approved  f o r  p u b l i c a t i o n  by 

t h e  program m o n i t o r s  (Mess r s .  Cornpi te l lo  and  P o r t e r ) .  The p u b l i s h e d  

volume i s  e n t i t l e d  “ D e s i g n  Data  f o r  P r e s s u r i z e d  Gas Sys t ems ,”  and  d a t e d  

November 1963; i t  i s  a l o o s e - l e a f  b i n d e r  c o n t a i n i n g  1 5  s e c t i o n s  o f  d a t a  

on v a r i o u s  t o p i c s ,  i n c l u d i n g  e x t e n s i v e  t a b u l a t i o n s  and g r a p h s  o f  t h e  

p h y s i c a l  and thermodynamic p r o p e r t i e s  o f  p r e s s u r i z i n g  f l u i d s .  

The work pe r fo rmed  d u r i n g  t h e  p e r i o d  F e b r u a r y  1 9 ,  1963 t o  December 
31 ,  1963  c o n s i s t e d  l a r g e l y  o f  t h e  p r e p a r a t i o n  o f  m a t e r i a l  f o r  t h e  d e s i g n  

d a t a  book,  and n e e d s  no fo rma l  r e p o r t i n g  h e r e .  The s u c c e e d i n g  p a g e s  o f  

t h i s  r e p o r t  summarize work pe r fo rmed  on t h e  e v a l u a t i o n  of  a c a n d i d a t e  

g a s  g e n e r a t i n g  sys t em s u i t a b l e  f o r  a t t i t u d e - c o n t r o l ,  p r e s s u r i z e d - g a s  
s u p p l y  s y s t e m s .  
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STORAGE EFFICIENCY OF LITHIUM BOROHYDRIDE SYSTEMS 

Some a l t e r n a t i v e s  t o  s i m p l e  p r e s s u r i z a t i o n  f o r  s t o r a g e  o f  g a s e s  t o  

b e  u s e d  a s  working  f l u i d s  f o r  a t t i t u d e  c o n t r o l  s y s t e m s  were g i v e n  i n  

S e c t i o n  VI1 o f  t h e  I n t e r i m  Repor t  on t h i s  p r o j e c t  (August  1963) .  P r e -  
l i m i n a r y  c a l c u l a t i o n s  i n d i c a t e d  t h a t  i f  p r e s s u r i z e d  n i t r o g e n  i s  u s e d  f o r  

compar i son  t h e r e  s h o u l d  be  a we igh t  advan tage  i n  t h e  u s e  o f  l i t h i u m  

b o r o h y d r i d e  a s  a s o u r c e  o f  g a s  f o r  a t t i t u d e  c o n t r o l  s y s t e m s .  

INTRODUCTION 

L i t h i u m  b o r o h y d r i d e ,  LiBH,, i s  a v a i l a b l e  from commerc ia l  s o u r c e s  a s  
a w h i t e  t o  g r a y i s h  m i c r o c r y s t a l l i n e  powder o r  lumps.  I t  i s  s t a b l e  a t  

room t e m p e r a t u r e ,  b u t  t h e  powder must be h a n d l e d  i n  a i r  w i t h  g r e a t  c a u t i o n .  

G e n e r a l l y ,  i t s  t r a n s f e r  i s  e f f e c t e d  i n  a t m o s p h e r e s  o f  d r y  n i t r o g e n  o r  

a r g o n  ( d r y  b o x ) .  

l i t h i u m  b o r o h y d r i d e :  

Water  vapor  i n  t h e  a tmosphere  r e a d i l y  r e a c t s  w i t h  

LiEH, -t 2H20 = LiBO, -t 4H2 AH = -15.23 Kca l  . 

The h e a t  o f  r e a c t i o n  may c a u s e  t h e r m a l  d e c o m p o s i t i o n  and t h e  m a t e r i a l  

may d e f l a g r a t e  i n  a i r  ( e s p e c i a l l y  t h e  powder) .  T r a c e s  o f  w a t e r  on com- 

b u s t i b l e  m a t e r i a l  l i k e  c e l l u l o s e  g e n e r a l l y  w i l l  r e a c t  v i o l e n t l y  w i t h  

LiBH,; a s  a r e s u l t  when LiBH, powder comes i n t o  c o n t a c t  w i t h  m a t e r i a l s  

l i k e  p a p e r  o r  c l o t h ,  s p o n t a n e o u s  combust ion  i s  l i k e l y  t o  o c c u r .  

p r o p e r t i e s  o f  l i t h i u m  b o r o h y d r i d e  a r e  summarized i n  T a b l e  I .  

Table I 

PROPERTIES OF LITHIUM BOROHYDRIDE 

Formula: 
Formula Weight: 
Structure: 
Crystal Parameters: 
Melting Point: 
Heat of Formation: 
Spec i f i c  Heat: 
So lub i l i ty  : 

LiEH, 
21.79 
ionic ,  L i +  W; 
orthorhombic, 6.81; 4.43; 7.17 
284OC (decomp. ) 
44.1  Kcal/mole ( G o .  ) 
0 .84  cal/g/OC 
soluble (with decomposition) i n  water and alcohols; 

4 g/100 g e thyl  ether; 21 g/100 g tetrahydrofuran 

The 
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A c u r s o r y  s u r v e y  of  t h e  l i t e r a t u r e  i n d i c a t e d  t h a t  t h e  mode o f  t he rma l  

d e c o m p o s i t i o n  i s  l i t t l e  u n d e r s t o o d  and t h a t  o n l y  75% of  t h e  hydrogen  con-  

t e n t  o f  l i t h i u m  b o r o h y d r i d e  i s  r e a d i l y  r e l e a s e d  by h e a t .  The t h e r m a l  

d e c o m p o s i t i o n  i s ,  o f  c o u r s e ,  endo the rmic ;  t h u s  t h e  r e a c t i o n  c o u l d  be  

r e a d i l y  u s e d  t o  s u p p l y  hydrogen  on command by a p p l i c a t i o n  of  h e a t .  With 

o n l y  75% r e c o v e r y  o f  hydrogen  from the  t h e r m a l  d e c o m p o s i t i o n  o f  LiBH,, 

t h e  e v o l u t i o n  o f  hydrogen  by r e a c t i o n  w i t h  w a t e r  i s  c o m p e t i t i v e :  

LiBH,- 2H2 (75%) 1 g r e a c t a n t  y i e l d s  0 .1388  g H, 

LiBH, + 2H2O+4H, 1 g r e a c t a n t  y i e l d s  0 .1394  g H, . 

F u r t h e r ,  i t  was b e l i e v e d  s i m p l e r  t o  be a b l e  t o  c o n t r o l  t h e  g e n e r a t i o n  o f  

hydrogen  by me te red  a d d i t i o n s  o f  water t h a n  t o  c o n t r o l  h e a t  i n p u t  t o  a 

r e l a t i v e l y  n o n c o n d u c t i v e  mass of r e a c t a n t s .  Thus ,  t h e  i n v e s t i g a t i o n  o f  

t h e  p a r a m e t e r s  g o v e r n i n g  t h e  r e l ease  of  hydrogen  from LiBH, was begun.  

REACTION OF WATER WITH LiBH, 

A v a i l a b l e  d a t a  on t h e  r e a c t i o n  of water  w i t h  l i t h i u m  b o r o h y d r i d e  

s imply  i n d i c a t e d  t h a t  r e a c t i o n  t a k e s  p l a c e  r e a d i l y ,  b u t  no i n f o r m a t i o n  

w a s  a v a i l a b l e  on t h e  smoo thness  o r  comple t eness  o f  r e a c t i o n .  On t h e  

o t h e r  hand ,  t h e  r e a c t i o n  o f  sodium b o r o h y d r i d e  w i t h  w a t e r  h a s  been  

s t u d i e d  i n  some d e t a i l  by S c h l e s i n g e r ,  e t  a l . + ;  t h e  s a l i e n t  p o i n t  t o  be  

made i s  t h a t  t h e  h y d r o l y t i c  r e a c t i o n  o f  sodium b o r o h y d r i d e  i s  s low,  b u t  

t h a t  i t  c a n  lie a c c e l e r a t e d  by v a r i o u s  s u b s t a n c e s  and  n o t a b l y  c o b a l t o u s  

c h l o r i d e .  The e f f e c t  o f  t h e  c o b a l t  s a l t  a p p e a r s  t o  be t h r o u g h  r o u t e  o f  

f o r m a t i o n  o f  a b l a c k  m a t e r i a l  of e m p i r i c a l  c o m p o s i t i o n  Co2B which i s  

formed i n  t h e  i n i t i a l  s t a g e s  o f  t h e  r e a c t i o n  o f  w a t e r  w i t h  sodium boro -  

h y d r i d e ,  and t h i s  m a t e r i a l  s e r v e s  t o  c a t a l y z e  t h e  s u b s e q u e n t  r e a c t i o n .  

A s  a r e s u l t  o f  t h e  s t u d i e s ,  p e l l e t s  c o n t a i n i n g  92 .5% NaBH, and  

7 . 5 %  CoC1, a r e  o f f e r e d  on t h e  marke t  a s " H y d r o p i l 1 s "  by M e t a l  H y d r i d e s ,  

I n c . ;  t h e  p i l l s  p roduce  hydrogen  g a s  r e a d i l y  upon c o n t a c t  w i t h  w a t e r .  

The f o r m a t i o n  o f  t h e  c a t a l y s t  a p p e a r s  t o  i n v o l v e  t h e  r e a c t i o n :  

4CoC1, + 8NaBH4 + 18H,O = 2C02B + 8NaC1 + 6H3B03 + 25H, . 

The p i l l s  may be  used  t o  r e p l a c e  c o n v e n t i o n a l  l a b o r a t o r y  hydrogen  

g e n e r a t o r s .  

t 
S c h l e s i n g e r ,  H .  I . ,  Brown, H. C . ,  F i n h o l t ,  A.  S . ,  G i l b r e a t h ,  J .  R . ,  Ho Hoekstrs ,  H. R., and 
Hyde, E. K., J .  A m .  C h c a .  S O C . ,  75, 2 1 5  (1953). 
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L i t h i u m  b o r o h y d r i d e ,  a s  e x p e c t e d ,  a l s o  i s  h y d r o l y z e d  s l o w l y  by w a t e r ;  

t h e  h y d r o l y s i s  i s  a c c e l e r a t e d  by c o b a l t  s a l t s a n a l o g o u s l y t o  t h e  sodium 

d e r i v a t i v e ,  and i s  of  i n t e r e s t  f o r  p o s s i b l e  u s e  a s  a hydrogen  g e n e r a n t  i n  

s p a c e  a p p l i c a t i o n s  s i n c e  i t  o f f e r s  a r e d u c t i o n  i n  w e i g h t  o f  r e a c t a n t s  by 

a b o u t  22% o v e r  t h e  sodium s a l t .  The weight -volume r e l a t i o n s h i p s  f o r  t h e  

1.000 g 
0.6048 g 
2.703 g 
0.2430 g 

r e a c t i o n  o f  l i t h i u m  b o r o h y d r i d e  w i t h  wa te r  a r e  summarized 

1.654 g 0.3699 g 4.115 l i t e r s  
1.000 g 0.2237 g 2.488 l i t e r s  
4.470 g 1.000 g 11.12 l i t e r s  
0.4019 g 0.0899 g ’ 1.000 l i t e r s  

Table I1 

WEIGHT-VOL.UME RELATIONSHIPS FOR THE REACTION: 
LiBH, + 2H20 = LiBo2 + 4H2 

1.000 l b  
0.6048 l b  
2.703 l b  
0.01517 l b  

VOLUME OF H2 
(STP) 

WEIGHT’ 

Lima H2° H2 
I 

1.654 l b  0.3699 l b  65.91 ft3 
1.000 l b  0.2237 l b  39.86 f t3  
4.470 l b  1.000 l b  178.18 f t3  
0.02697 l b  0.005612 l b  1.000 f t 3  

LABORATORY EXPERIMENTS-WATER 

P e l l e t s  were p r e p a r e d  from a m i x t u r e  o f  5% anhydrous  

c h l o r i d e  and 95% LiBH, (Meta l  H y d r i d e s ,  I n c . )  i n  an i n e r t  
I t  was found t h a t  o n l y  when e x c e s s  water  was added was 95 
t h e o r e t i c a l  volume o f  hydrogen  l i b e r a t e d  from t h e  p e l l e t s  

p e l l e t s  were n o t  p r e p a r e d  from m a t e r i a l  o f  t h e  t h e o r e t i c a  

u n d e r  c o n d i t i o n s  i n  which m o i s t u r e  was s t r i c t l y  e x c l u d e d ,  

a b l e  t o  assume t h a t  t h e  y i e l d  o f  hydrogen was e s s e n t i a l l y  

However,  i f  o n l y  a s m a l l  amoun to f  wa te r  was added  and  t h e  

t o  p r o c e e d  u n t i l  hydrogen  e v o l u t i o n  c e a s e d ,  f u r t h e r  a d d i t  

t o  n o ,  or a t  l e a s t  a v e r y  s low,  r e a c t i o n ;  t h e  s h a r p l y  l i m  

r a t e  o f  r e a c t i o n  was a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  a t i g h  

b o r a t e  s u r r o u n d i n g  e a c h  p e l l e t .  I t  a p p e a r s  t h a t  t h e  b e s t  

i n  T a b l e  11. 

c o b a l  t o u s  

a tmosphe re .  

98% of  t h e  

S i n c e  t h e  

p u r i t y  and 

i t  was r e a s o n -  

q u a n t i t a t i v e .  

r e a c t i o n  a l l o w e d  

on o f  w a t e r  l e d  

t e d  or i n h i b i t e d  

“ c a k e ”  o f  meta-  

method f o r  ob-  

t a i n i n g  q u a n t i t a t i v e  g e n e r a t i o n  o f  hydrogen from such  p e l l e t s  i n v o l v e s  

t r e a t i n g  e a c h  p e l l e t  w i t h  s u f f i c i e n t  wa te r  t o  d i s s o l v e  t h e  LiBO, which i s  

formed,  or t o  add w a t e r  t o  e a c h  p e l l e t  a t  s u c h  a r a t e  t h a t  t h e  c o n c e n t r a t e d  

s o l u t i o n  of  LiBO, which i n i t i a l l y  forms i s  n o t  d e h y d r a t e d  (by  u n r e a c t e d  

LiBH,) t o  a s l o w l y - s o l u b l e  g l a s s .  I n  any i n s t a n c e ,  however ,  i t  a p p e a r s  

t h a t  t h e  g e n e r a t i o n  o f  hydrogen  by r e a c t i o n  o f  w a t e r  w i t h  p e l l e t s  c a n  n o t  

be c o n t r o l l e d  s i m p l y  and ,  i n d e e d  may be  e r u p t i v e .  A r e a c t i o n  o f  t h i s  t y p e  

o b v i o u s l y  c a n  n o t  be  r e l i a b l y  c o n t r o l l e d  i n  s p a c e c r a f t s .  

4 



LABORATORY EXPERIMENTS-WATER VAPOR 

The r e a c t i o n  of  w a t e r  vapor  w i t h  a powdered m i x t u r e  o f  95% LiBH, and 

5% CoC1, was t h e n  i n v e s t i g a t e d  a s  a p o s s i b l e  a l t e r n a t i v e  r o u t e  t o  t h e  con-  

t r o l l e d  f o r m a t i o n  o f  hydrogen  from LiBH,. 

t i g a t i o n  was t h a t  w a t e r  vapor  c a n  b e  g e n e r a t e d  e a s i l y  i n  z e r o - g  and i t s  

amount c o n t r o l l e d  by r e g u l a t i n g  t h e  volume of  w a t e r  i n t r o d u c e d  i n t o  a 

sys t em.  

The c o n c e p t  g u i d i n g  t h e  i n v e s -  

P r e l i m i n a r y  e x p e r i m e n t s  i n  which a LiBH,-CoCl, powder m i x t u r e  was 

a l l o w e d  t o  have  c o n t i n u o u s  a c c e s s  t o  wa te r  vapor  r e v e a l e d  t h a t  an e s s e n -  

t i a l l y  q u a n t i t a t i v e  y i e l d  o f  hydrogen  c o u l d  be o b t a i n e d .  I n  o r d e r  t o  
i n v e s t i g a t e  t h e  c a k i n g  problem i n  i n t e r m i t t e n t  o p e r a t i o n ,  t h e  s i m p l e  a p -  

p a r a t u s  shown i n  F i g u r e  1 was c o n s t r u c t e d .  (The f i l l i n g  c o n f i g u r a t i o n  

shown i n  t h i s  f i g u r e  i s  t h e  one f i n a l l y  a d o p t e d . )  A s  i n d i c a t e d  i n  t h e  
f i g u r e ,  t h e  a p p a r a t u s  c o n s i s t s  e s s e n t i a l l y  of  a r e s e r v o i r  w i t h  a s i d e  arm 

c l o s e d  o f f  by a s e r o l o g i c a l  c a p ,  p e r m i t t i n g  i n j e c t i o n  o f  w a t e r  ad libitum 

by an hypodermic  s y r i n g e ,  a column i n  which powder c a n  be p l a c e d ,  and a 

Bunsen v a l v e  t o  a l l o w  t h e  e s c a p e  o f  hydrogen and t o  i n h i b i t  e n t r a n c e  o f  

t h e  ambien t  a tmosphe re .  

The p a r t i c u l a r  a r r angemen t  shown i n  F i g u r e  1 d o e s  n o t  p r o v i d e  means 

f o r  measurement  o f  t h e  e v o l v e d  hydrogen;  however ,  r e p l a c e m e n t  o f  t h e  

Bunsen v a l v e  w i t h  r u b b e r  t u b i n g  l e a d i n g  t o  a measu r ing  d e v i c e  made i t  

p o s s i b l e  t o  o b t a i n  q u a n t i t a t i v e  measurements  of  t h e  hydrogen  r e l e a s e d .  

The g e n e r a l  c o u r s e  o f  t h e  r e a c t i o n  could  e a s i l y  b e  f o l l o w e d  i n  i n s t a n c e s  

where t h e  t u b e  was packed  w i t h  a m i x t u r e  o f  CoC1, and LiBH, by n o t i n g  t h e  

l o c a t i o n  o f  d a r k  zones  ( b l a c k  Co2B).  N o t i n g  whe the r  t h e  d a r k  m a t e r i a l  

r e a c t e d  w i t h  w a t e r  p r o v i d e d  a c o n v e n i e n t  check  on t h e  d e g r e e  o f  decom- 

p o s i t i o n .  

In t h e  f i r s t  g roup  o f  a s e r i e s  of e x p e r i m e n t s ,  w a t e r  was i n t r o d u c e d  

i n t o  t h e  r e s e r v o i r ;  t h e  r e s u l t i n g  water  vapor  s l o w l y  d i f f u s e d  i n t o  t h e  

powder column. I t  was found ,  a s  h a d  been found b e f o r e  i n  e x p e r i m e n t s  

w i t h  w a t e r ,  t h a t  i f  a c o n t i n u o u s  supp ly  o f  w a t e r  vapor  was a v a i l a b l e  a n d  

t h e  e v o l u t i o n  of  hydrogen  was c o n t i n u o u s ,  t h e  g e n e r a t i o n  o f  hydrogen  p r o -  

ceeded  smoo th ly  and  q u a n t i t a t i v e l y .  I f ,  however ,  i n t e r m i t t e n t  o p e r a t i o n  

was a t t e m p t e d  by a d d i n g  o n l y  s m a l l  i n c r e m e n t s  o f  w a t e r  t o  t h e  r e s e r v o i r ,  

no f u r t h e r  r e a c t i o n  c o u l d  be  o b t a i n e d  w i t h  s u b s e q u e n t  a d d i t i o n s  o f  w a t e r ,  
e s p e c i a l l y  i f  c o n s i d e r a b l e  time e l a p s e d  be tween w a t e r  a d d i t i o n s .  
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I n  e v e r y  c a s e ,  where hydrogen  e v o l u t i o n  w a s  i n h i b i t e d ,  a w e l l -  

d e f i n e d ,  g l a s s y  c a k e  was e v i d e n t  a t  t h e  bo t tom o f  t h e  column o f  powder 

An e x p e r i m e n t  t o  a v o i d  f o r m a t i o n  o f  t h e  c a k e  was t h e n  pe r fo rmed ;  a 

c e n t r a l  wick o f  a s b e s t o s  was u s e d  t o  t r a n s p o r t  wa te r  from t h e  bo t tom 

r e s e r v o i r  i n t o  t h e  powder mass.  A s  might be  e x p e c t e d ,  i n t e r m i t t e n t  

o p e r a t i o n ,  though somewhat p o s s i b l e ,  was i n h i b i t e d  by f o r m a t i o n  o f  a 

cake a round  t h e  wick .  

The l i m i t e d  s u c c e s s  w i t h  t h e  u s e  o f  an  a s b e s t o s  wick prompted a 

se r ies  o f  e x p e r i m e n t s  i n  which t h e  95% LiBH4-5% CoC1, mixture w a s  mixed with 

a b o u t  5% a s b e s t o s  p u l p  and t h e n  tamped i n  t h e  column a r o u n d  an a s b e s t o s  

wick;  t h i s  i s  t h e  assembly  a c t u a l l y  d e p i c t e d  i n  F i g u r e  1. I t  was found 

t h a t  i n t e r m i t t e n t  and  e s s e n t i a l l y  q u a n t i t a t i v e  g e n e r a t i o n  o f  hydrogen  

c o u l d  b e  accompl i shed  w i t h  t h i s  a r r angemen t .  

LABORATORY EXPERIMENTS-CONCLUSIONS 

A m i x t u r e  of  95% LiE?3-14-5% CoC1, w i l l  r e a c t  smooth ly  and  c o m p l e t e l y  

w i t h  l i q u i d  water  or wate r  vapor  a s  l ong  a s  t h e  g e n e r a t i o n  o f  hydrogen  

i s  c o n t i n u o u s .  However,  s p e c i a l  a r r angemen t s  must  be  employed when 

i n t e r m i t t e n t  g e n e r a t i o n  o f  hydrogen  i s  r e q u i r e d ,  such  a s  f o r  a p p l i c a t i o n  

i n  s p a c e  v e h i c l e s  where t h e  g a s  p r e s s u r e  must b e  h e l d  between s p e c i f i e d  

1 i m i  t s . 

The b r i e f  e x p e r i m e n t a l  f e a s i b i l i t y  s t u d y  r e p o r t e d  h e r e  w a s  n o t  d e -  

s i g n e d  t o  answer many o b v i o u s l y  more d e t a i l e d  q u e s t i o n s  c o n c e r n i n g  

hydrogen  l i b e r a t i o n .  The d e s i r e d  i n t e r m i t t e n t  o p e r a t i o n  was a c h i e v e d  by 

t r y i n g  o n l y  one c a t a l y s t  a t  one  c o n c e n t r a t i o n  ( a l t h o u g h  t h e  c h o i c e  was 

r e a s o n a b l e  from NaM, i n f o r m a t i o n ) ,  u s i n g  a p a r t i c u l a r  a r r angemen t  and 

r e l a t i v e  we igh t  of  a s p e c i f i c  f i b e r ,  and o p e r a t i n g  o n l y  a t  ambien t  t e m -  

p e r a t u r e .  O b v i o u s l y ,  t h e  i n t e r r e l a t i o n  among t h e s e  v a r i a b l e s  and t h e  

r a t e  o f  p r o d u c t i o n  and y i e l d  o f  hydrogen must be much b e t t e r  d e l i n e a t e d  

b e f o r e  one  can  be  a s s u r e d  w i t h  any accu racy  t h a t  l i t h i u m  b o r o h y d r i d e  c a n  

be p a r t  o f  a g a s  s t o r a g e  sys t em f o r  a t t i t u d e  c o n t r o l ;  b u t  t h e  i n f o r m a t i o n  

g a i n e d  from t h e  e x p e r i m e n t s  p e r m i t s  d e s i g n  o f  a g a s - g e n e r a t i n g  s y s t e m  

which h a s  g r e a t  p o s s i b i l i t i e s  f o r  working s u c c e s s f u l l y .  

SYSTEM EVALUATION 

i 

The r e l a t i v e  mer i t s  o f  g a s e s  such a s  n i t r o g e n ,  hydrogen ,  p r o p a n e ,  

ammonia, e t c . ,  i n  p r e s s u r i z e d  s y s t e m s  u s e d  f o r  a t t i t u d e  c o n t r o l  a r e  
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g e n e r a l l y  a s s e s s e d  on t h e  b a s i s  o f  t h e  i m p u l s e  o b t a i n a b l e  p e r  pound o f  
sys t em w e i g h t ;  when compar ing  l i q u e f i e d  g a s e s  t o  “ p e r m a n e n t ”  g a s e s ,  t h e r e  

a r e ,  f o r  example ,  g a i n s  from reduced  c o n t a i n e r  w e i g h t s  b e c a u s e  of  l ower  

s t o r a g e  p r e s s u r e s ,  and l o s s e s  from t h e  lower  pe r fo rmance  o f  t h e  l i q u e f i e d  

g a s e s .  Because  t h e  l i t h i u m  b o r o h y d r i d e - w a t e r  combina t ion  a s  a s o u r c e  o f  

p r e s s u r i z e d  hydrogen  f o r  a t t i t u d e - c o n t r o l  s y s t e m s  i s  c o m p l e t e l y  d i f f e r e n t  

from t h e  o r d i n a r y  p r e s s u r i z e d - g a s  sys t em,  i t s  meri ts  c a n  o n l y  be  d i s c e r n e d  

by a r e l a t i v e l y  d e t a i l e d  compar ison  of  t h e  a n t i c i p a t e d  o v e r - a l l  sys t em 

w e i g h t  w i t h  t h o s e  o f  o r d i n a r y  s y s t e m s .  

The c o n f i g u r a t i o n  o f  what i s  c o n s i d e r e d  t o  be  a workab le  LiBH,-H,O 

h y d r o g e n - g e n e r a t i n g  sys t em i s  i n d i c a t e d  s c h e m a t i c a l l y  i n  F i g u r e  2 .  R e f e r -  

r i n g  t o  t h i s  f i g u r e ,  w a t e r  i s  c o n t a i n e d  i n  an  e l a s t o m e r i c  bag who l ly  

w i t h i n  a m e t a l  s p h e r e ;  a p r e s s u r i z i n g  g a s  ( n i t r o g e n )  o c c u p i e s  t h e  u l l a g e .  

The o p e n i n g  o f  t h e  e l a s t o m e r  bag  i s  connec ted  t o  t h e  i n l e t  o f  a 

m a g n e t i c a l l y - a c t u a t e d ,  s p r i n g - l o a d e d  v a l v e ;  when a c t u a t e d ,  t h e  v a l v e  p e r -  

m i t s  w a t e r  t o  p a s s  i n t o  a v e r y  na r row passageway which t e r m i n a t e s  a t  t h e  

f a c e  o f  a d e n s e ,  p o r o u s  p l u g .  The w a t e r ,  unde r  p r e s s u r e ,  s l o w l y  p e r m e a t e s  

t h r o u g h  t h e  p l u g  and i s  c o n d u c t e d  by c a p i l l a r i t y  t h r o u g h  a s b e s t o s  f i b e r s  

t o  t h e  r e a c t i o n  zone i n  which i s  an i n t i m a t e  m i x t u r e  o f  4 .5% CoCl, ,  90.5% 
LiBH,, and  5.0% a s b e s t o s  p u l p  c o n t a i n e d  i n  t h e  t u b u l a r  a p p u r t e n a n c e  i n d i -  
c a t e d  i n  F i g u r e  2 .  Hydrogen evo lved  by t h e  r e a c t i o n  e s c a p e s  i n t o  t h e  

c o n f i n i n g  c y l i n d e r  where i t  i s  s t o r e d  u n d e r  a p r e s s u r e  o f  1 - 2  a t m o s p h e r e s ;  

when t h e  p r e s s u r e  i n  t h e  c y l i n d e r  r i s e s  o v e r  a b o u t  1 . 5  a t m o s p h e r e s ,  t h e  

p r e s s u r e  s w i t c h  r e l e a s e s  t h e  m a g n e t i c a l l y - a c t u a t e d  v a l v e ;  t h e  w a t e r  i n  

t h e  v a l v e  d u c t ,  p o r o u s  p l u g ,  and a s b e s t o s  wicks  c o n t i n u e s  t o  r e a c t ,  b u t  

t h e  p r e s s u r e  i n  t h e  c o n f i n i n g  c y l i n d e r  w i l l  n o t  r i s e m u c h  o v e r  2 a t m o s p h e r e s .  

The u s e  o f  a p o r o u s  p l u g  a p p e a r s  t o  o f f e r  a s i m p l e  r e l i a b l e  method 

f o r  c o n t r o l l i n g  t h e  f l o w  o f  w a t e r  i n t o  t h e  r e a c t i o n  zone;  s i n c e  t h e  f low 

o f  w a t e r  t h r o u g h  t h e  p l u g  i s  p r o p o r t i o n a l  t o  p r e s s u r e  and t h e  p r e s s u r e  

g r a d u a l l y  d i m i n i s h e s  a s  w a t e r  i s  consumed, t h e  r a t e  o f  f l ow o f  w a t e r  i n t o  

t h e  r e a c t i o n  zone i s  i n  a measure  p r o p o r t i o n a l  t o  t h e  r e q u i r e m e n t s  f o r  

smooth g e n e r a t i o n  o f  hydrogen .  T h i s  s e l f - r e g u l a t i n g  f e a t u r e  i s  one o f  

t h e  i m p o r t a n t  a d v a n t a g e s  o f  t h e  s y s t e m  shown i n  F i g u r e  2 ,  and i t  c a n  b e  

b r o u g h t  t o  a h i g h  d e g r e e  o f  deve lopment  by a c a r e f u l  m a t c h i n g  o f  t h e  

d e n s e n e s s  and d i m e n s i o n s  o f  t h e  po rous  p l u g  w i t h  t h e  r a t e  of  p r e s s u r e  

d r o p  i n  t h e  p r e s s u r i z i n g  s p h e r e  and t h e  n e c e s s a r y  r a t e  o f  w a t e r  f l o w  

f o r  a g i v e n  c o n f i g u r a t i o n  o f  r e a c t i o n  m i x t u r e  and a s b e s t o s  w i c k i n g .  
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I t  i s  e v i d e n t  from t h e  above  d e s c r i p t i o n  t h a t  t h e  c o n f i g u r a t i o n  d e -  

p i c t e d  i n  F i g u r e  2 i s  v e r y  l i g h t  i n  weight  f o r  i t  i s  e s s e n t i a l l y  a low- 

p r e s s u r e  sys t em;  t h e  h i g h e s t  p r e s s u r e ,  l ess  t h a n  25  a t m o s p h e r e s ,  o c c u r s  

i n  t h e  s p h e r e  f o r  p r e s s u r i z i n g  t h e  wa te r  r e q u i r e d  f o r  g a s  g e n e r a t i o n .  

Thus ,  t h e  m a t e r i a l s  o f  c o n s t r u c t i o n  can b e  p l a s t i c s  ( a s  e p o x y - g l a s s )  or 

l i g h t  m e t a l s  o f  e x t r e m e l y  t h i n  g a g e ;  t h e  t h i n n e s s  o f  t h e  m e t a l s  w i l l  be 

gove rned  l a r g e l y  by t h e  t e c h n i q u e s  a v a i l a b l e  f o r  f a b r i c a t i o n  a n d ,  o f  

c o u r s e ,  by t h e  need  t o  w i t h s t a n d  a c c e l e r a t i v e  f o r c e s  i n  t h e  l a u n c h  phase .  

The compar i son  o f  t h e  e s t i m a t e d  w e i g h t s  f o r  a 1 5 0 0 - p s i  hydrogen  

s y s t e m ,  and t h e  LiBH,-H,O sys t em o f  F i g u r e  2 a r e  shown g r a p h i c a l l y  i n  
F i g u r e  3; t h e  d a t a  and d e t a i l s  f o r  t h e  v a r i o u s  s y s t e m s  a r e  r e c o r d e d  i n  

T a b l e s  111, I V ,  and V. For s i m p l i c i t y ,  t h e  s y s t e m s  were computed f o r  

m i s s i o n s  r e q u i r i n g  t o t a l  i m p u l s e s  o f  100, 200,  500,  1 , 0 0 0 ,  5 , 0 0 0 ,  and 

1 0 , 0 0 0  l b - s e c o n d s  and w i t h  1 , 5 0 0  p s i a  a s  t h e  maximum s t o r a g e  p r e s s u r e  

f o r  t h e  permanent  g a s e s .  T i t a n i u m  meta l  6A1-4V ( 1 2 0 , 0 0 0  p s i )  was con-  

s i d e r e d  a s  most s u i t a b l e  f o r  c o n s t r u c t i o n  o f  a l l  s y s t e m s ,  a l t h o u g h  i t  i s  

conceded  t h a t  some a d v a n t a g e s  may be  g a i n e d  by u s i n g  g l a s s - e p o x y  s t o r a g e  

v e s s e l s ;  however ,  t h e  a d v a n t a g e  was c o n s i d e r e d  i n s u f f i c i e n t  f o r  t h e  

p u r p o s e s  o f  t h e s e  p r e l i m i n a r y  compar i sons .  

The t h e o r e t i c a l  t h i c k n e s s e s  o f  t h e  s p h e r i c a l  p r e s s u r e  v e s s e l s  were 

computed by t h e  well-known e q u a t i o n :  

Pd 
4 0 - P  

t =  

where P = p r e s s u r e ,  d = i n s i d e  d i a m e t e r ,  and u = t h e  a l l o w a b l e  t e n s i l e  

s t ress  ( 1 2 0 , 0 0 0  p s i  f o r  t i t a n i u m ) .  

No a t t e m p t  was made t o  o p t i m i z e  t h e  c o n f i g u r a t i o n  o f  t h e  g a s  s t o r a g e  

c o n t a i n e r  shown i n  F i g u r e  2 ;  f o r  u n i f o r m i t y  o f  c o m p u t a t i o n ,  t h e  f o l l o w i n g  

r e l a t i o n s h i p s  were a d o p t e d :  

The Volume, V, o f  t h e  i n n e r  c y l i n d e r  c o n t a i n i n g  t h e  LiBH4-CoC12-asbes tos  

m i x t u r e  i s  10% g r e a t e r  t h a n  t h e  volume o f  t h e  w e i g h t  needed  t o  p r o v i d e  
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100 

200 

500 

1,000 

5,000 

10.000 

I 

1.45 0.730 2.60 

2.91 0.922 3.69 

7.27 1.26 6.91 

14.5 1.58 12.4 

72.7 2.93 58.6 

145. 3.42 110. 

Table 111 

EFFICIENCY OF PRESSURIZED NITROGEN GAS STORAGE 

. 
8 TANK THEO. 

IMPULSE WT D I A M t  TANK I T  
( l b )  ( l b - a e c )  ( l b )  ( f t )  

100 0.389 1.18 4.50 

200 0.778 1.46 8.50 

500 1.946 1.98 21.1 

1,000 3.891 2.50 42.5 

5,000 19.46 4.25 209. 

10,000 38.91 5.36 419. 

THEO. 
IMPULSE 
( p e r  l b )  

18.8 

21.5 

21.6 

21.7 

21.8 

21.8 

2.97 

4.44 

8.79 

16.1 

94.0 

147. 

PROBABLE 
IMPULSE 
( p e r  l b )  

15.5 

16.3 

16.4 

16.5 

16.6 

16.6 

THEO. 
IMPULSE 
( p e r  l b )  

24.7 

30.3 

35.3 

37.2 

38.0 

39.0 

PROBABLE 
IMPULSE 
( p e r  l b )  

33.0 

33.9 

Baaed  on n i t r o g e n  d e l i v e r e d  a t  1 . 5  a t -  a n d  538'R t o  a n o z z l e  w i t h  
a n  e x p a n a i o n  r a t i o  o f  100; s p .  h t .  r a t i o  = 1 .40 ;  c a l c u l a t e d  I = 
68 .8  a e c .  

7 .07  l b / f t 3 .  
W i t h  a d d e d  w e i g h t s :  r e d u c i n g  v a l v e  = 0 .5  l h -  c o n t r o l  v a l v e  = 
0 .75  l b ;  f i l l  p o r t  = 0.30 l b .  

.P ' Baaed  on n i t r o g e n  a t o r a g e  a t  1 . 5 0 0  p a i s  a t  5 3 8 O R ;  d e n s i t y  = 

Table I V  

EFFICIENCY OF PRESSURIZED HYDROGEN GAS STORAGE 

PROBABLE 
TANK WT 

( I b )  

6.08 

11.5 

28.5 

57.4 

282. 

566. 

Based  on h y d r o g e n  d e l i r e r e d  a t  1 . 5  atm a n d  5 3 8 O R  t o  a n o z z l e  w i t h  
a n  e x p a n s i o n  r a t i o  o f  100; s p .  h t .  r a t i o  = 1 . 4 0 ;  c a l c u l a t e d  Z = 
257  a e c .  

Baaed  on  h y d r o g e n  s t o r a g e  a t  1500 p a i a  a t  538'R; d e n s i t y  = 
0.482 I b / f t S .  

SP 
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t h e  r e q u i r e d  hydrogen;  t h e  b u l k  volume o f  t h e  m i x t u r e  was assumed t o  be 

1 7 . 5  l b / f t 3 ;  t h u s :  

TD: 
1 . 1 0  (Vol  o f  mix)  = Vol i n n e r  c y l i n d e r  = - L, = v 

4 

6 
4 

-nDi  = V = 4.7124 D: . 

The c o n f i g u r a t i o n  o f  t h e  g a s  s t o r a g e  c y l i n d e r  was assumed t o  b e  a c y l i n -  

d r i c a l  s h e l l  o f  l e n g t h  L, and d i a m e t e r  D, w i t h  h e m i s p h e r i c a l  e n d s  o f  

r a d i u s  D,/2. 

The b l a d d e r  c o n f i n i n g  t h e  water  r e q u i r e d  for t h e  m i s s i o n  (10% i n  

e x c e s s )  i s  a 10 -mi l  e l a s t o m e r i c  diaphragm o f  s p e c i f i c  g r a v i t y  1 . 0 0  

(wt  = 0.052 l b / f t 2 ) .  The f u l l  volume of  w a t e r  i n  t h e  p r e s s u r i z i n g  

s p h e r e  o c c u p i e s  75% of  t h e  s p a c e  i n  t h e  s p h e r e .  

T h e p r e s s u r i z i n g g a s  i n  t h e  LiBH,-H,O sys t em i s  n i t r o g e n  a t  25 a tmos-  

p h e r e s  and  t h e  volume i s  a d j u s t e d  t o  g i v e  a f i n a l  p r e s s u r e  o f 3 a t m o s p h e r e s .  

The p r e s s u r e  o f  t h e  hydrogen  g a s  c o l l e c t e d  i n  t h e  s t o r a g e  r e s e r v o i r  

f l u c t u a t e s  between 1 and 2 a tmosphe res ;  t h e  powder m i x t u r e  r e q u i r e d  was 

computed on t h e  b a s i s  t h a t  hydrogen  would be l i b e r a t e d  q u a n t i t a t i v e l y .  

P r o b a b l e  t i t a n i u m  t a n k  w e i g h t s  a r e  30-40% h e a v i e r  t h a n  c a l c u l a t e d  

from t h e  fo rmula  g i v e n  above;  an a v e r a g e  o f  35% was used .  

CONCLUSIONS 

As can  be  s e e n  i n  F i g u r e  3,  t h e  l i t h i u m  b o r o h y d r i d e - w a t e r  sys t em 

o f f e r s  some improvement o v e r  p r e s s u r i z e d  hydrogen  g a s  s t o r a g e  s y s t e m s  

f o r  a t t i t u d e - c o n t r o l  s y s t e m s .  A g a i n  of  a b o u t  50% i s  r e a l i z a b l e  o v e r  

t h e  p r o b a b l e  e f f i c i e n c y  o f  p r e s s u r i z e d  hydrogen ,  b u t  i t  i s  a b o u t  18% 
l e s s  t h a n  a n t i c i p a t e d  from p r e s s u r i z e d  n i t r o g e n  g a s  s y s t e m s .  

No s i g n i f i c a n t  g a i n  i n  s t o r a g e  e f f i c i e n c y  c a n  be  r e a l i z e d  from 

t h e r m a l  d e c o m p o s i t i o n  o f  LiBH, s i n c e ,  a s  was  shown above ,  t h e  same 

we igh t  o f  m a t e r i a l s  would have  t o  be  borne  a l o f t ,  and  t h e  a n a l y s i s  

summarized i n  T a b l e  V c l e a r l y  i n d i c a t e s  t h a t  t h e  ha rdware  w e i g h t  i s  

n o t  t h e  dominant  f a c t o r  d e t e r m i n i n g  s t o r a g e  e f f i c i e n c y .  I n  f a c t ,  i f  

no ha rdware  were i n v o l v e d ,  t h e  “ b a r e  s t o r a g e  e f f i c i e n c y ”  o f  LiBH, i t s e l f  
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would b e  3 4 . 4  compared t o  3 3 . 9  a c h i e v a b l e  i n  p r a c t i c e  w i t h  n i t r o g e n .  

T a b l e  V I  summar izes  “ b a r e  s t o r a g e  e f f i c i e n c i e s ”  f o r  v a r i o u s  m a t e r i a l s ;  

t h e s e  v a l u e s  c l e a r l y  show t h e  s u p e r i o r i t y  o f  p r e s s u r i z e d  g a s e s  o v e r  

h y d r i d e s .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  w a t e r ,  e l e c t r o l y z e d  t o  

“ k n a l l g a s ”  h a s  o n e  o f  t h e  h i g h e s t  “ b a r e  s t o r a g e  e f f i c i e n c i e s ; ”  however ,  
w a t e r  v a p o r  i t s e l f  h a s  an IsP o f  abou t  95 ( s e e  “Des ign  Data  f o r  Pres-  
s u r i z e d  Gas Sys t ems ,”  November 1963) .  

Table VI 

BARE STORAGE EFFICIENCIES. OF VARIOUS MATERIALS 
FOR MISSIONS OF 10,000 lb-sec TOTAL IMPULSE 

~ 

MATERIAL ‘I BARE STORAGE 
E F F I C I E N C Y ”  

34.4 

32.6 

46.9 

56.1 

85.9 

88.3 

REMARKS 
~ ~~ 

Thermal decomposition to hydrogen 

Thermal decomposition to hydrogen 

Thermal decomposition to hydrogen; 
existence of compound is questionable 

Gaseous decomposition at 
T > 3OO0C t o  3H2 

Electrolysis to O2 and % 
Decomposition to N2 and 3H2 

* 
“ B a r e  s t o r a g e  e f f i c i e n c y ”  means the  i m p u l s e  p e r  pound o f  m a t e r i a l  
o b t a i n a b l e  when g a s  l i b e r a t e d  from i t  b y  an a p p r o p r i a t e  method i s  
expanded t h r o u g h  a n o z z l e  o f  1OO:l e x p a n s i o n  r a t i o  a t  an i n p u t  
p r e s s u r e  o f  1 . 5  s t m  and a t emperature  o f  540°R. 

15 



DISTRIBUTION LIST 

ORGANIZATION 

NASA Western Operations Off ice  
150 Pic0 Boulevard 
Santa  Monica, C a l i f o r n i a  

Off ice  of Technical Information 
Contract ing Off icer  
Patent  Off ice  

NASA Lewis Research Center 
21000 Brook ark Road 
Cleveland 3!, Ohio 

Off ice  of Technical Information 
Contract ing Off icer  
Pa ten t  Off ice  

NASA Marshall Space F l ight  Center 
Huntsv i l le ,  Alabama 

Office  of Technical Information, M-MS-IR3 
Contract ing O f f i c e r ,  M-PK-C 
Paten t  O f f i c e ,  M-PAT 

NASA -S 
Washington 25, D.C. 

Contract ing O f f i c e r ,  BRA 
Patent  Off ice ,  AGP 
Mr. Henry Burlage, Jr. 
Chief ,  Liquid Propulsion Systems, RF'L 
Mr. A. 0. T i s c h l e r  
Assis tant  Director  f o r  Propulsion, MLP 

'TECWICAL MANAGER 
Mr. Richard N. Porter 
Liquid Propulsion Section 
Propu 1s ion Divis ion 
Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, Cal i forn ia  

S c i e n t i f i c  and Technical Information F a c i l i t y  
NASA Representat ive,  Code (XT 
P.O. Box 5700 
Bethesda, Maryland 20014 

Ames Research Center 
Moffett F i e l d ,  Cal i forn ia  

Goddard Space F l ight  Center 
Greenbe 1 t , Mary 1 and 

J e t  Pr  opul si on Labor a t  or y 
C a l i f o r n i a  I n s t i t u t e  of Technology 
4800 Oak Grove Drive 
Pasadena, C a l i f o r n i a  

Langley Research Center 
Langley F i e l d ,  Virginia  

Lewis Research Center 
21000 Brookpark Road 
Cleveland 35, Ohio 

NO. OF 
COPIES 

1 
1 
1 

1 
1 
1 

1 
1 
1 

1 
1 
4 

1 

1 

25 

2 

2 

2 

2 

2 

ORGANIZATION NO. OF 
COPIES 

Marshall Space F l ight  Center 
Huntsv i l le ,  Alabama 

Manned Spacecraf t  Center 
Houston, Texas 

Advanced Research Pro jec ts  Agency 
Pentagon, Room 3D154 
Washington 25. D.C. 

Aeronautical Systems Division 
A i r  Force Systems Comnand 
Wright-Patterson A i r  Force Base, Ohio 

Air Force Missile Development Center 
Holloman Air Force Base, New Mexico 

A i r  Force Missile Test Center 
Pa t r ick  A i r  Force Base, F lor ida  

A i r  Force Systems Gmnand, Dyna-Soar 
A i r  Force Unit Post Off ice  
Los Angeles 45, Cal i forn ia  

Army Ordnance Missi le  Command 
Redstone Arsenal, Alabama 

Arnold Engineering Development Center 
A.E.O.R. 
Tullahoma, Tennessee 

Bureau of Naval Weapons 
Department of the Navy 
Washington 25, D.C. 

Cent ra l  I n t e l l i g e n c e  Agency 
2430 E S t r e e t ,  N.W. 
Washington 25, D.C. 

Defense Documentation Center Headquarters 
Cameron S t a t i o n ,  Buildin 5 
Alexandria, Virginia  22314 
Attn: TISIA 

Headquarters, United States A i r  Force 
Washington 25, D.C. 

Picat inny Arsenal 
Dover, N e w  Je rsey  

Rocket Research Laboratories 
Edwards A i r  Force Base, Cal i forn ia  

U.S. Naval Ordnance Test S t a t i o n  
China Lake, Cal i forn ia  

U.S. Atomic Energy Comnission 
Technical Information Services  
Box 62 
Oak Ridge, Tennessee 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 



DISTRIBUTION LIST 

I 
1 

- 
R.3 
k 
Df 
PI 

RI n 
1 

I DC 

L 

E 
L 

9 
E 

ORGANIZATION 

CPIA 
Chemical Propellant Information Agency 
Johns Hopkins University 
Applied Physics Laboratory 
8621 Georgia Avenue 
Silver Spring, Maryland 

Aerojet-General Corporation 
P.O. Box 296 
Azusa, California 

Aerojet-General Corporation 
P.O. Box 1947 
Sacramento 9, California 

Aeronutronic 
A Division of Ford Motor Company 
Ford Road 
Newport Beach, California 

Aerospace Corporation 
2400 East El Segundo Boulevard 
El Segundo, California 
Arthur D. Little, Inc. 
Acorn Park 
Cambridge 40, Massachusetts 

Astropower, Inc., Subsidiary of 
Dou las Aircraft Company, Inc. 
296g Randolph Avenue 
Costa Mesa, California 

Astros stems, Inc. 
82 Nayron Avenue 
Livingston, New Jersey 

Atlantic Research Corporation 
Edsall Road and Shirley Highway 
Alexandria, Virginia 

Beech Aircraft Corporation 
Boulder Facility 
Box 631 
Boulder, Colorado 

Bell Aerosystems Company 
P.O. Box 1 
Buffalo 5, New York 

Bendix Systems Division 
Bendix Corporation 
Ann Arbor, Michigan 

being Company 

Seattle 24, Washington 
P.O. hX 3707 

Convair (Astronautics) 
Division of General Dynamics Corporation 
P.O. Box 2672 
San Diego 12, California 

Curtiss-Wright Cor oration 
Wri ht Aeronauticay Division 
Woos-ridge, New Jersey 

Douglas Aircraft Company, Inc. 
Missile and Space S stems Division 
3000 Ocean Park Boulevard 
Santa Monica, California 

NO. OF 
COPIES 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

ORGANIZATION 

Fairchild Stratos Corporation 
Aircraft Missiles Division 
Hagers town, Mary 1 and 

General Electric Compan 
Missile and Space Vehicle Department 
Box 8555 
Philadelphia, Pennsylvania 

General Electric Company 
Rocket Propulsion Units 
hilding 300 
Cincinnati 15, Ohio 

Grumnan Aircraft Engineering Corporation 
Bethpage, Long Island, New York 

Kidde Aero-Space Division 
Walter Kidde and Company, Inc. 
675 Main Street 
ijelleville 9, New Jersey 

Lockheed Aircraft Corporation 
Missile and S ace Division 
Sunnyvale, CaPi fornia 

Lockheed California Company 
10445 Glen Oaks Boulevard 
Pacoima, California 

Lockheed Propulsion Company 
P.O. Box 111 
Redlands, California 

Mar uardt Corporation 
16515 Saticoy Street 
3ox 2013 - South Annex 
Van Nuys, California 

Martin Division 
Martin Marietta Corporation 
Baltimore 3 ,  Maryland 

Martin Denver Division 
Martin Marietta Corporation 
Denver, Colorado 

Mchnnell Aircraft Corporation 
P.O. Box 6101 
Lambert Field, Missouri 

North American Aviation, Inc. 
Space and Information Systems Division 
Downey, California 

Northrop Corporation 
1001 East 3roadway 
Hawthorne, California 

Pratt & Whitney Aircraft Corporation 
Florida Research & Development Center 
West Palm Beach, Florida 

Philco Corporation 
iVestern Development Laboratories 
3825 Fabian Way 
Palo Alto, California 

NO. OF 
COPIES 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 



I STAN FORD 

INSTITUTE 
RESEARCH MENLO PARK 

C A L I F O R N I A  

Regional Offices and Laboratories 

Southern California Laboratories 
820 Mission Street 
South Pasadena, California 

Washington Office 
808-17th Street, N.W. 
Washington 6, D.C. 

New York Office 
270 Park Avenue, Room 1770 
New York 17, New York 

Detroit Off ice 
1025 East Maple Road 
Birmingham, Michigan 

European Office 
Pelikanstrasse 37 
Zurich 1, Switzerland 

Japan Office 
c/o Nomura Securities Co., Ltd. 
1-1 Nihonbashidori, Chuo-ku 
Tokyo, Japan 

Representatives 

Toronto, Ontario, Canada 
Cyril A. Ing 
Room 710, 67 Yonge St. 
Toronto 1, Ontario, Canada 

Milan, I ta ly 
Lorenzo Franceschini 
Via Macedonio Melloni, 49 
Milano, Italy 


